From the earliest stages of embryogenesis and throughout life, transcriptional regulation is carefully orchestrated in order to generate, shape, and reshape the central nervous system (CNS). TAR DNA-binding protein 43 (TDP-43) is identifi ed as a regulator of essential transcriptional events in the CNS. Evidence for its importance comes from the identifi cation of TDP-43 protein aggregates and genetic mutations in patients with amyotrophic lateral sclerosis and frontotemporal lobar degeneration. Efforts are being made to learn more about the biological function of TDP-43 and gain a better understanding of its role in neurodegeneration. TDP-43 RNA targets and protein interactions have now been identifi ed, and in vivo evidence shows that TDP-43 is essential in CNS development and function. This review will highlight aspects of these fi ndings.
Introduction
Neurodegenerative diseases include a spectrum of chronic neurological disorders that are associated with defi cits in behavior and cognition as well as the progressive loss of sensory, motor, and perceptual functions. These changes occur owing to the degeneration and death of neurons. The biological cause of some of the most prevalent neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD), remain unclear.
TDP-43 is identifi ed as the major protein component of inclusions that are characteristic of most forms of ALS and FTLD (Neumann et al. , 2006 ) , now referred to as FTLD-TDP. TDP-43 accumulates abnormally in cytoplasmic, ubiquitinated inclusions in glia and degenerating neurons of ALS and FTLD-TDP patients. Since this discovery, > 30 different mutations in the TDP-43 gene in familial and sporadic ALS patients and more rarely in FTLD-TDP cases have been reported (Dormann and Haass , 2011 ) . Pathological TDP-43 inclusions are also present in other neurodegenerative diseases such as Alzheimer ' s, Parkinson ' s, and Huntington ' s diseases (Baloh , 2011 ) . The prevalence of TDP-43 dysregulation in multiple neurodegenerative diseases has made it an attractive target for understanding the mechanisms of neurodegeneration.
TDP-43 gene, protein structure and function
TDP-43 is found in all higher eukaryotes, including Drosophila melanogaster , Xenopus laevis , and Caenorhabditis elegans (Wang et al. , 2004 ) . In humans, the gene encoding TDP-43, TARDBP, is located at the chromosomal locus 1p36.22 and is composed of six exons, fi ve of which encode the predominant 43-kDa protein TDP-43. However, TARDBP can undergo alternative splicing to generate up to 11 protein isoforms (Wang et al. , 2004 ) . In addition to full-length TDP-43, three protein isoforms of TDP-43 are identifi ed in the human brain and spinal cord; however, the biological signifi cance of these isoforms is not known and their presence in other species has not been identifi ed (Strong et al. , 2007 ) .
TDP-43 is a member of the heterogeneous nuclear ribonucleoprotein family, a group of proteins that bind RNAs (Krecic and Swanson , 1999 ) . TDP-43 is ubiquitously expressed and localizes primarily to the nucleus of cells. At the N-terminus, there are two highly conserved RNA recognition motifs, which are involved in RNA/DNA binding (Ou et al. , 1995 ; Kuo et al. , 2009 ) . Additionally, the N-terminus of TDP-43 can mediate the formation of homodimers (Kuo et al. , 2009 ) . TDP-43 contains a bipartite nuclear localization signal sequence and a nuclear export signal that allows nucleocytoplasmic shuttling (Winton et al. , 2008 ) . The C-terminal glycine-rich region of TDP-43 is less conserved among species (Wang et al. , 2004 ) . The C-terminus of TDP-43 is involved in protein-protein interactions and infl uences its solubility and cellular localization (Ayala et al. , 2008b ).
TDP-43 was fi rst characterized for its roles in DNA binding and transcriptional regulation of human immunodefi ciency virus 1 and the spermatid-specifi c gene SP-10 (Ou et al. , 1995 ; Acharya et al. , 2006 ) . Little effort has been made to identify more genes that are transcriptionally regulated by TDP-43. Instead, studies have focused on characterizing the roles of TDP-43 in RNA metabolism.
TDP-43 ribonucleoprotein complexes and RNA targets
In neural cells, TDP-43 exists in high molecular mass ribonucleoprotein complexes that are dependent on the presence of nucleic acids (Kim et al. , 2010 ; Sephton et al. , 2011 ) . Many of the proteins associated with TDP-43 in these complexes are involved in pre-mRNA splicing, RNA stability, and transport (Kim et al. , 2010 ; Sephton et al. , 2011 ) . In rodent brain nuclear extracts, TDP-43 forms a stable protein complex with several RNA binding proteins as well as two neuron-enriched proteins, methyl CpG-binding protein 2 (MECP2) and polypyrimidine tract-binding protein 2 (PTBP2) . In cell culture, overexpressed TDP-43 also forms ribonucleoprotein complexes in HeLa and HEK293 cells (Freibaum et al. , 2010 ; Kim et al. , 2010 ) . TDP-43 associates with the microRNA microprocessor complexes in MEFs and HEK293 cells (Gregory et al. , 2004 ; Fukuda et al. , 2007 ) . However, these interactions have not been shown with endogenously expressed proteins, nor have they been shown in neuronal cells.
TDP-43 RNA targets identifi ed in cortical neurons using RNA immunoprecipitation followed by deep sequencing (RIP-seq) reveal that TDP-43 binds to thousands of cellular transcripts . TDP-43 has enriched binding to > 4500 RNA species, preferentially localizing to introns, 3 ′ and 5 ′ untranslated regions (UTRs), and noncoding RNAs . Moreover, TDP-43 binds RNAs in regions that contain the previously identifi ed consensus motif (UG) n , as well as the novel consensus motif (UG) n UA(UG) m , where adenine is frequently in the middle of a UG repeat sequence . Moreover, the RNA consensus motif for PTBP2, (CU) 6 , is enriched in the TDP-43 RIP-seq library, suggesting that PTBP2 may co-regulate TDP-43 RNA targets . The identifi cation of the numerous RNA targets of TDP-43 has highlighted the multiple cellular processes that TDP-43 is involved in regulating.
Several studies show that TDP-43 binds to the 3 ′ UTR of its own RNA transcript and in part controls its own expression (Ayala et al. , 2011 ; Polymenidou et al. , 2011 ; Sephton et al. , 2011 ; Tollervey et al. , 2011 ) . Early observations in TDP-43 knockout mice alluded to self-regulation, wherein heterozygous mice had TDP-43 protein levels equal to that of wildtype mice (Kraemer et al. , 2010 ; Sephton et al. , 2010 ; Wu et al. , 2010 ) . Similarly, in TDP-43 transgenic mice, expression of the transgene without the regulatory 3 ′ UTR caused reduction of endogenous TDP-43 mRNA and protein (Wegorzewska et al. , 2009 ; Xu et al. , 2010 ; Igaz et al. , 2011 ) . The mechanism underlying autoregulation is proposed to occur through binding to its own 3 ′ UTR and promoting RNA stability (Ayala et al. , 2011 ; Polymenidou et al. , 2011 ) . Selfregulation of TDP-43 expression may be an important factor in understanding TDP-43-associated pathogenesis as TDP-43 inclusions could disrupt its ability to self-regulate, thus contributing to neurodegeneration.
Functional classifi cation of TDP-43 RNA targets from cortical neurons reveals a number of essential cellular processes . Notably, a signifi cant number of TDP-43 RNA targets encode proteins that have functions in neural development, such as the transcripts of Notch homolog 1 ( Notch1 ), microtubule-associated protein ( Mapt ), disks large homolog 4 ( Dlg 4 also known as PSD-95 ), and dualspecifi city tyrosine-phosphorylation-regulated kinase 1A ( Dyrk1a ) (Figure 1 ) . Other TDP-43 RNA targets encode proteins that have functions in axon guidance, including netrins ( Ntn2 ), semaphorins ( Sema3f, 4d, 6b ), and ephrin receptors ( Ephb1-3 ) (Figure 1) . Several of the TDP-43 RNA targets that encode proteins involved in neural function are also associated with neurodegenerative diseases, such as itself, Tardbp , fused in sarcoma ( Fus ) (Figure 1 ), progranulin ( Grn ), α -synuclein ( Scna ), and ataxin 1 and 2 ( Atxn 1,2 ) . Other studies using murine and human tissues have identifi ed additional RNA targets (Polymenidou et al. , 2011 ; Tollervey et al. , 2011 ) , which could refl ect mixed cell populations found in the brain or non-specifi c interactions inherent to cross-linking methods.
TDP-43 RNA regulation in the CNS
TDP-43 regulation of RNA in the CNS occurs at sites of highly specialized bodies in both the nucleus and cytoplasm of the cell. In the nucleus of neurons, splicing activities of TDP-43 occur in the perichromatin fi brils of euchromatin domains, which are nuclear sites of transcription and cotranscriptional splicing (Casafont et al. , 2009 ) . TDP-43 is also present in nuclear speckles (Casafont et al. , 2009 ) , which act as splicing factor reservoirs and sites of post-transcriptional processing of pre-mRNAs (Melcak et al. , 2000 ) . TDP-43 can function as a scaffold for nuclear bodies through interaction with the RNA binding protein, survival of motor neuron (Wang et al. , 2002 ) . Wang et al. (2002) demonstrate that TDP-43 is localized to multiple discrete subnuclear structures, including a new category of nuclear body referred to as the TDP-43 body (TB). TBs co-localize with several different types of nuclear bodies: Cajal bodies, promyelocytic leukemia protein bodies, splicing speckles, and gems (Wang et al. , 2002 ) . TBs could act as a bridge between nuclear bodies; for example, TBs would couple small nuclear ribonucleoprotein particles in Cajal bodies with RNA splicing in splicing speckles.
TDP-43 regulation of RNA in the cytoplasm occurs through its association with transport granules, processing bodies, and stress granules (Wang et Dewey et al. , 2011 Dewey et al. , , 2012 . Transport of RNAs by TDP-43 can occur through transport granules. In rat hippocampal neurons, TDP-43 is colocalized with PSD-95 in the postsynapse, in transport granules (Wang et al. , 2008 ) . Depolarization of neurons results in TDP-43 localization to dendrites, and repetitive depolarization increases the colocalization of TDP-43 with fragile X mental retardation protein and Staufen (Wang et al. , 2008 ) , two RNA-binding proteins that regulate mRNA transport and local translation in neurons. Additionally, TDP-43 associates with RNA stress granules Nishimoto et al. , 2010 ; Dewey et al. , 2011 ) . Stress granules form as protein-RNA aggregates in the cytoplasm in response to cellular stressors and function to protect RNAs from harmful conditions (Dewey et al. , 2012 ) . In an injury model using sciatic axotomies of mice, TDP-43 protein and mRNA levels are upregulated in motor neurons and colocalized with Staufen and TIA-1 to cytosolic stress granules (Moisse et al. , 2009 ). TDP-43 protein and mRNA levels return to baseline post-injury, suggesting that TDP-43 is involved in neural function and in responding to and recovery from stressful stimuli (Moisse et al. , 2009 ) .
The way by which TDP-43 coordinates regulation of its RNA targets in the nucleus and cytoplasm is not well understood, and the answers could lie with the numerous TDP-43 protein isoforms and/or its protein-protein interactions. Loss of TDP-43 association with both nuclear and cytoplasmic bodies TDP-43 would be predicted to have an effect on any of the specialized processes occurring within.
TDP-43 expression in the embryo and adult CNS
TDP-43 is expressed throughout CNS development into adulthood (Huang et al. , 2010 ; Sephton et al. , 2010 ) , which is consistent with the discovery that TDP-43 regulates RNAs involved in neuronal development and neural function (Polymenidou et al. , 2011 ; Sephton et al. , 2011 ; Tollervey et al. , 2011 ) . TDP-43 is detected as early as the two-cell stage and is present through all undifferentiated stages of the mouse embryo (Figure 1) (Sephton et al. , 2010 ) . In the blastocyst stage, TDP-43 is expressed in the nucleus in every single cell, including cells of the inner cell mass which gives rise to all progenitor cells (Sephton et al. , 2010 ; Wu et al. , 2010 ) . In later stages of embryonic development, the TDP-43 expression pattern is ubiquitous, mostly nuclear, with prominent expression in neural stem cells of the neuroepithelium (Sephton et al. , 2010 ) . The neuroepithelium will eventually differentiate into multiple cell types, including neurons, astrocytes, and other glial cells, and give rise to the adult CNS. In later stages of embryonic development (E10.5 -12.5), TDP-43 is expressed in both differentiated neural cells and their progenitors (Sephton et al. , 2010 ) .
As the CNS matures, TDP-43 protein expression is significantly reduced in the brain and spinal cord without a reduction in mRNA levels (Huang et al. , 2010 ; Sephton et al. , 2010 ) . Temporal reduction in TDP-43 expression in the brain correlates with the presence of PSD-95, a synaptic protein and marker for synapse maturation and an RNA target of TDP-43 (Sephton et al. , 2010 ) . In adult mice, TDP-43 is ubiquitously expressed in the brain and spinal cord with prominent levels in the various regions affected in neurodegenerative diseases (Neumann et al. , 2006 ; Sephton et al. , 2010 ; Baloh , 2011 ) . TDP-43 is prominently expressed in the hippocampus, cortex, and Purkinje cells of the cerebellum and the glomerular layer of the olfactory bulb in the brain (Sephton et al. , 2010 ) . In the spinal cord, TDP-43 is expressed in the gray and white matter with prominent expression in the dorsal and ventral horn, which contain sensory and motor neurons, respectively (Sephton et al. , 2010 ) .
ALS patients experience loss of motor function and have TDP-43 inclusions in the gray matter of the spinal cord, whereas FTLD-TDP patients have TDP-43 inclusions in the cortex (Neumann et al. , 2006 ; Baloh , 2011 ) . Considering TDP-43 expression is localized to the neuroepithelium during development, which gives rise to interneuron subtypes and motor neurons, it is possible that mutations or alterations in TDP-43 regulation may alter normal CNS function, making individuals more sensitive to developing TDP-43-related neurodegenerative diseases later in life.
TDP-43 and CNS function
Evidence for the role of TDP-43 in the CNS has been demonstrated by in vivo manipulation of the protein. These studies demonstrate that TDP-43 is necessary for the viability of the cell and the organism. In cell culture, knockdown of TDP-43 in Neuro 2A cells impairs neurite outgrowth, through miRNA production (Kawahara and Mieda -Sato, 2012 ) and possibly through inactivation of Rho family GTPases (Iguchi et al. , 2009 ). RNAi of TDP-43 in HEK293 cells causes abnormal nuclear morphology, misregulated cell cycle, and apoptosis, owing to increased CDK6 and phosphorylation of retinoblastoma protein (Ayala et al., 2008a ) . Although Ayala et al. (2008a) did not perform their study in neuronal cells (Ayala et al., 2008a) , elevated CDK6 activity and phosphorylation of retinoblastoma protein are linked to neuronal death (Nguyen et al. , 2002 ) . Moreover, induced knockdown of TDP-43 in mouse embryonic stem cells, which leads to loss of proliferation and cell death, results in reduced mRNA levels for proteins involved in processes such as RNA metabolism, cell signaling, cell cycle regulation, axon guidance, and long-term potentiation (Chiang et al. , 2010 ) . These fi ndings are consistent with TDP-43 RNA targets and their cellular functions (described above). Given that TDP-43 has numerous RNA targets, the exact mechanism by which TDP-43 controls neurite outgrowth or other phenotypes caused by TDP-43 knockdown is diffi cult to determine.
Depletion of TDP-43 in Drosophila melanogaster has produced confl icting results with one model having early lethality (Fiesel et al. , 2010 ) and the other model having a semi-lethal phenotype with reduced lifespan, locomotor defects, defects at the neuromuscular junctions, and reduced dendritic branching (Feiguin et al. , 2009 ; Lu et al. , 2009 ; Lin et al. , 2011 ) . Lin et al. (2011) show that both depletion and overexpression of TDP-43 in Drosophila melanogaster motor neurons affect locomotion. However, depletion of TDP-43 increased the number of boutons at the neuromuscular junctions and overexpression of TDP-43 has the opposite effect (Lin et al. , 2011 ) . In Danio rerio , both overexpression of human TDP-43 and knockdown of TARDBP resulted in swimming behavior defects caused by short motor neuron axons that have premature and excessive branching (Kabashi et al. , 2010 ) .
TDP-43 knockout and transgenic mouse models show that disruption of cellular TDP-43 levels is toxic to the CNS (Wegorzewska et al. , 2009 ; Kraemer et al., 2010; Sephton et al., 2010; Wu et al., 2010; Xu et al. , 2010 ; Dormann and Haass , 2011 ; Igaz et al. , 2011 ) . TDP-43 knockout mice die at early stages of embryonic development between E3.5 and E6.5 (Kraemer et al. , 2010 ; Sephton et al. , 2010 ; Wu et al. , 2010 ) . Moreover, global conditional knockout of TDP-43 in adult mice resulted in rapid lethality (Chiang et al. , 2010 ) . The most recent transgenic rat model is tissue specifi c in motor neurons, and expression of the transgene can be turned on and off (Huang et al. , 2012 ) . Rats expressing mutant TDP-43 M337V in motor neurons alone develop denervation of the neuromuscular junctions and atrophy of the skeletal muscles (Huang et al. , 2012 ) . Interestingly, progression of the disease is prevented after the transgene expression is switched off, with dramatic recovery of motor function (Huang et al. , 2012 ) , suggesting that mutant TDP-43 in motor neurons is suffi cient to promote the onset and progression of ALS-like degeneration. Taken together, these studies demonstrate that TDP-43 regulates a wide range of cellular processes, and both the loss of normal TDP-43 function and gain of new toxic function are damaging.
Summary and perspective
TDP-43 is an essential RNA binding protein in both the developing and mature CNS. However, we must further defi ne the mechanism by which loss and/or gain of TDP-43 function during development and in adulthood contributes to neurodegenerative disorders and determine how the selective vulnerability of neurons in different neurodegenerative disorders is induced by the differential expression of RNA targets, protein partners, or post-translational modifi cations of TDP-43 in different neurons/cells. Outstanding questions regarding TDP-43 biology in the CNS include the following: (1) how is TDP-43 transcriptionally regulated ? ; (2) what post-translational modifi cations does TDP-43 undergo and how do they infl uence function, protein-protein interactions, localization, and degradation ? ; (3) how does TDP-43 regulate neural development and function pre-and post-transcriptionally ? ; and (4) how do TDP-43 mutations affect neural development and function ? It is clear that TDP-43 is an essential RNA binding protein and alterations in its ability to carry out its cellular roles are toxic. The identifi cation of TDP-43 ribonucleoprotein complexes and RNA targets has laid the foundation for more detailed studies into its cellular functions. These studies may in turn lead to the development of targeted therapies for neurodegenerative diseases.
